The proximate cause of functional hypothalamic amenorrhea (FHA) is reduced GnRH drive. The concomitant increase in circulating cortisol suggests that psychogenic stress plays an etiologic role, but others have argued for a strictly metabolic cause, such as undernutrition or excessive exercise. Indeed, our finding that the cerebrospinal fluid (CSF) concentration of CRH was not elevated in FHA cast doubt about the extent of hypothalamic-pituitary-adrenal activation in FHA and, therefore, we wondered whether central cortisol levels were elevated.
Conclusions:
The hypothalamic-pituitary-adrenal axis is activated in FHA. The maintenance of CRH drive despite increased CSF cortisol indicates resistance to cortisol feedback inhibition. The mechanisms mediating feedback resistance likely involve altered hippocampal corticosteroid reception and serotonergic and GABAergic neuromodulation. is a common and reversible form of anovulation not due to discernible organic causes. The proximate cause of anovulation is reduced GnRH drive that manifests in the circulation as decreased LH pulse frequency (1) (2) . Several lines of evidence support the notion that FHA, and the suppression of central GnRH drive, is attributable to metabolic and psychogenic stress. First, cortisol concentrations in serum, which reflect limbic-hypothalamic-pituitary-adrenal (LHPA) axis activation and reactivity, are consistently elevated in women with this disorder (3) (4) (5) (6) . Second, increased cortisol concentrations were not found in women with other forms of anovulation (7) . Third, serum cortisol levels in women with FHA who underwent spontaneous recovery while being studied were lower than in unrecovered women with FHA and were within the range observed in eumenorrheic women (EW) (7) .
Further, the LH pulse frequency of women recovering from FHA was intermediate between that of unrecovered FHA and EW, suggesting that LHPA axis recovery preceded the full return of GnRH drive (7) . Fourth, cognitive behavior therapy (CBT) targeted to ameliorate problematic attitudes fully reversed anovulation and restored ovulation in six of eight women with FHA, whereas only one of eight FHA randomized to observation showed return of ovulation (8) . Neither CBT nor reproductive recovery resulted in weight gain. Based on our observations in spontaneously recovering FHA (7), we speculated that CBT reduced hypothalamicpituitary-adrenal (HPA) activation and allowed for restoration of GnRH drive. Although it has been inferred that HPA activation is required for suppression of GnRH drive, our recent investigation revealed that cerebrospinal fluid (CSF) concentrations of CRH were not increased in FHA compared with EW (9) . This unexpected finding led us to question whether the peripheral increase in cortisol was transmitted to the neuraxis. We reasoned that compensatory mechanisms, such as an increase in circulating cortisol-binding globulin (CBG), might buffer the neuraxis from increased cortisol secretion by reducing the free fraction available to transgress the blood-brain barrier. To investigate the null hypothesis that CSF cortisol concentrations would not differ between FHA and EW, we compared the levels of cortisol, CBG, and SHBG in the blood and in the CSF of women with FHA and in eumenorrheic, ovulatory control women (EW).
Subjects and Methods

Experimental subjects
Women with amenorrhea and eumenorrhea were recruited by advertisement from the local population and screened by telephone. This study was approved by the institutional human subjects review boards of MageeWomens Hospital and the University of Pittsburgh School of Medicine. All subjects gave written informed consent before the initiation of any studyrelated procedures. For the subjects in this study, serum levels of LH and cortisol and CSF levels of CRH, ␤-endorphin, and arginine vasopressin have been reported (9) . To ascertain the cause of amenorrhea and to constrain subject heterogeneity, we employed the same strict entry criteria in this and prior studies (7) (8) (9) . Women with FHA were between 90 and 110% of ideal body weight and were carefully evaluated to exclude organic and other functional causes of amenorrhea and anovulation, including eating disorders, excessive exercise (defined as more than 10 h/wk of exercise of any type or running more than 10 miles weekly), weight loss of greater than 10 pounds within the last 5 yr, depression, and other psychiatric conditions. To exclude subjects with current and past psychiatric disorders, we employed the same assessment tools previously described (10). Thus we used both interviews and inventories, including the Structured Interview for the Diagnostic and Statistical Manual of Mental Disorders-IV, the Beck Depression Inventory, the Hamilton Rating Scale for Depression, the Dysfunctional Attitudes Scale, the Self-Control Scale, the Eating Disorder Inventory, and the Bulimia Test-Revised. A provisional diagnosis of FHA (n ϭ 15) was made when amenorrhea persisted for more than 6 months, a urinary pregnancy test was negative, serum levels of LH, FSH, TSH, free thyroxine, and prolactin were within normal range, the LH to FSH ratio was less than 2, and no other cause of secondary amenorrhea, including polycystic ovary syndrome, could be identified. None of the women with FHA displayed phenotypic or biochemical evidence of hyperandrogenism. Specifically, androstenedione, testosterone, dehydroepiandrosterone sulfate, and 17-hydroxyprogesterone levels fell within accepted ranges, and androgen levels were in the low normal range. A final diagnosis of FHA was made if the 24-h LH pulse frequency was less than or equal to 10. EW (n ϭ 14) also were of normal body weight, reported regular menses with 27-to 32-d intervals, and displayed a midluteal serum progesterone level exceeding 30 nmol/liter (9.4 ng/ml) in the current and a preceding menstrual cycle. EW were studied in the early follicular phase, d 3-7 from last menses.
Procedures
Subjects were admitted to the General Clinical Research Center of the University of Pittsburgh School of Medicine at least 1 h before insertion of an iv line. Blood samples were collected every 15 min for 24 h starting at 0900 h (3, (7) (8) (9) . A lumbar puncture was performed under sterile conditions at 1100 h on the following day by an obstetrical anesthesiologist (L.J.A.). As previously described, 25 ml CSF were slowly removed and then replaced with artificial CSF to reduce the risk of headaches (9). Each 1-ml aliquot was flash-frozen in a mixture of dry ice and ethanol and stored at Ϫ70 C until assay. No significant complications from the lumbar punctures were reported. All subjects who previously underwent CSF sampling for determination of CRH levels are included in the current data set (9) .
Assays
Serum concentrations of LH and cortisol were determined in duplicate from each blood sample using standard immunoassays as previously reported (7) (8) (9) . All samples from a given subject were analyzed together. The CSF CRH, serum LH, and serum cortisol values from these subjects have been previously analyzed and reported (9) . CSF levels of cortisol were determined in two separate runs from aliquots 4 (caudal) and 19 (rostral) by enzyme immunoassay (Salimetrics, State College, PA). This assay was developed for the detection of cortisol in transudates and has a sensitivity of approximately 0.07 ng/ml. CSF samples were batched and analyzed in the same run to eliminate interassay variation. The intraassay coefficient of variation (CV) was 7.9% at 1 ng/ml and 5.8% at 10 ng/ml. Plasma CBG levels were determined at three time points using the plasma pool from 0800 -0845 h, 1600 -1645 h, and 2400 -0045 h by Quest Diagnostics Laboratories (San Juan Capsitrano, CA) using a RIA that employed a 125 I-CBG ligand and rabbit antihuman CBG antibody (11) . Intra and interassay CVs were 8 and 12% at 21 g/ml, respectively. The sensitivity was 0.1 g/ml. CSF levels of CBG were measured in aliquot 19 using a modified RIA (Biosource, Nivelles, Belgium) with a sensitivity of 0.1 g/ml. The intraassay CV was 5.8% at 0.2 g/ml. Each CSF sample was analyzed in duplicate and all samples were analyzed in the same run to eliminate interassay variability. Serum SHBG was determined once from the morning plasma pool (0800 -0845 h) and in CSF in aliquot 19 by immunoradiometric assay (Diagnostic Systems Laboratory, Webster, TX). Plasma samples were diluted according to package instructions, and all samples were assayed in duplicate in the same run. The intraassay CV was 2.1% at 109 nmol/ liter and the sensitivity was 3 nmol/liter. CSF samples were assayed without dilution in duplicate in the same run. The intraassay CV was 6.3% at 0.23 nmol/liter and the sensitivity was 0.04 nmol/liter. Free cortisol in the circulation was estimated by calculating the ratio of serum total cortisol in nanomoles per liter divided by plasma CBG in milligrams per liter, which is termed the "free cortisol index" (12) . The free cortisol index has been shown to be a robust and reliable estimate of the unbound fraction of cortisol (12) .
Statistics
All data are reported as mean Ϯ sem. Outcome variables were analyzed using SPSS version 10.1 (SPSS Inc., Chicago, IL) to identify between-group differences using a Student's t test. All distributions were evaluated for normality. When the distribution was borderline for normality, nonparametric tests were performed. The statistical results using parametric and nonparametric test were comparable. In particular, the t test and the Mann-Whitney U test gave the same result for the difference in levels in CSF cortisol between EW and FHA. Main outcome variables were cortisol, free cortisol index, CBG, and SHBG levels in the serum and CSF. Other variables included the previously reported CSF levels of CRH, 24-and 8-h segmental serum cortisol levels, and LH pulse frequency (9) . P Ͻ 0.05 was considered statistically significant.
Results
As shown in Table 1 , FHA and EW were of comparable age and body mass index. As previously reported (9), LH pulse frequency was significantly reduced in FHA (4.5 Ϯ 0.8 vs. 14.6 Ϯ 0.7 pulses number per 24 h, P Ͻ 0.01) and CSF CRH levels were comparable in FHA (38.9 Ϯ 3.7) and EW (39.2 Ϯ 2.1 pg/ml). Mean 24-and 8-h segmental cortisol levels, shown in Table 2 , demonstrated activation of the LHPA axis. Serum SHBG levels were comparable in FHA and EW (Table  2) . Serum CBG levels were modestly increased in FHA and, thus, the free cortisol index was comparable in FHA and EW (Table 2) . However, as shown in Table 3 and in Fig. 1 , cortisol levels in the CSF of women with FHA were 30% greater than those of EW (4.71 Ϯ 0.38 vs. 3.60 Ϯ 0.27 ng/ml, P ϭ 0.03). CSF levels of CBG were nil but comparable in FHA and EW (0.20 Ϯ 0.02 vs. 0.18 Ϯ 0.01 g/ml). Similarly, CSF SHBG levels were quite low but similar in both groups (0.24 Ϯ 0.04 vs. 0.22 Ϯ 0.03 nmol/liter). 
Discussion
A major aim of the present study was to refine our understanding of the extent of activation of the LHPA axis in women with FHA. Given the consistent finding of increased total cortisol in the circulation in women with FHA (3-7, 13) and the finding of increased CSF CRH in women with anorexia nervosa (14) and in those with depression (15), our observation that CSF CRH levels were not elevated in FHA was perplexing (9) . Considering the data in aggregate, two interpretations seemed likely. One was that the central level of cortisol might not be elevated in FHA despite an increase in the circulation because of compensatory peripheral mechanisms such as an increase in CBG. The other possibility was that the CSF level of cortisol was increased in FHA, but that CRH was not decreased because of feedback resistance to suppression. To determine which interpretation held, we ascertained cortisol levels in the CSF. Our data permit us to reject the hypothesis that CSF levels of cortisol are comparable in FHA and EW and provide support for the notion that the preservation of CSF CRH levels in the presence of elevated CSF cortisol reflects allostatic resistance to negative feedback suppression by cortisol.
To the best of our knowledge, this is the first report of increased CSF cortisol associated with reproductive compromise. The only other report of increased CSF cortisol associated with a stress-related condition was in 2005 by Baker et al. (16) . They found increased CSF cortisol in eucortisolemic veterans (men) with posttraumatic stress disorder. Although women with FHA have higher circulating cortisol levels than EW, the increase in CBG in FHA lead to comparable levels of unbound circulating cortisol in FHA and EW. An increase in the free fraction has also been observed in the urine of FHA (4, 13) . Although the mechanisms that sustain a gradient between the circulation and CSF are beyond the scope of this investigation, it seems likely that that the blood-brain barrier is more permeable to lipophilic free cortisol than to relatively hydrophilic bound cortisol. Furthermore, lack of CBG in the CSF would abrogate the establishment of a steady state for free cortisol. Together, these mechanisms would favor transfer across the blood-brain barrier of transient increases in free cortisol. Others have suggested that the neuraxis may synthesize and secrete cortisol (17) . Furthermore, because women with FHA are relatively hypoestrogenic, one might have expected lower rather than higher CBG on that basis. The isolated elevation of CBG in the face of similar levels of SHBG suggests that the CBG rise reflects a compensatory response to chronic elevations of circulating cortisol. Thus, the rise in CBG buffers the circulatory compartment from glucocorticoid (GR) toxicity without abrogating the opportunity for central feedback. Overall, these data provide further support for the notion that activation of the LHPA is integral to the pathogenesis of FHA. However, LHPA activation does not preclude a metabolic etiology, because Loucks and Thuma (18) have demonstrated that induction of a graded energy deficit proportionately increased circulating total cortisol. Indeed, whereas behaviors that are recognized to be primarily psychogenic may be distinguishable from those that are deemed to be primarily metabolic, especially under experimental conditions, at least some of the endocrine and neuroendocrine responses appear to be common to both forms of stress.
If negative feedback sensitivity remained constant, an increase in central cortisol levels should suppress CRH release. Feedback inhibition permits the stress circuitry to be truncated during or after the response to an acute stressor. Different mechanisms must operate during chronic stress that alter the feedback setpoint and permit sustained LHPA activation. Given the potential for GR neurotoxicity and other health sequalae of chronic stress (19 -22) , it would be advantageous to have multiple mechanisms for constraining cortisol elevations elicited by chronic stress. Potential adaptive responses include an increase in CBG, blunting of the adrenal response to ACTH, and/or reduced pituitary responsiveness to CRH. Not unexpectedly, we found that CBG was increased only in the circulation and not in the CSF in FHA. Although the ACTH response to CRH was blunted in major depression (23), we previously showed that the pituitary ACTH response to CRH was preserved in FHA and that the increased circulating cortisol was due to increased cortisol pulse amplitude with preserved pulse frequency in FHA (3). In untreated anorexia nervosa and melancholic depression, CSF CRH levels remained elevated in the presence of high circulating cortisol levels (14, 24) , indicating greater compromise or lack of feedback inhibition than in FHA. Taken together, these data suggest that FHA entails a new allostatic setpoint for suppression of the LHPA axis activity by cortisol and that the stress of FHA is not as great as that found in anorexia nervosa or melancholic depression. Other allostatic adjustments also found in FHA include loss of hypothalamic GnRH responsivity to hypoestrogenism (3) and reduced TSH responsivity to reduced thyroxine and thyronine levels (25) . There are several mechanisms governing feedback inhibition of the HPA axis by cortisol. Numerous physiological and pharmacological studies demonstrate that both types of corticosteroid receptors, the mineralocorticoid (MR) and the GR receptors, are abundantly expressed in the hippocampus (26, 27) and that this region serves as a major corticosteroid regulatory site for negative feedback. Because the affinity of cortisol for MR is much greater than for GR, GR are generally occupied only during periods of acute stress. Chronic stress may alter receptor number, MR to GR ratio, and postreceptor events, allowing a change in the setpoint for feedback inhibition (28) . Other key mechanisms mediating feedback control likely include neuromodulators such as ␥-aminobutyric acid (GABA) and serotonin. Recent studies indicate that GR up-regulate the GABAergic system (29, 30) , whereas corticosterone increases hippocampal GABA receptor expression and promotes the development of a GABAergic phenotype in the monkey hippocampus (31) . In addition, the serotonergic system and the HPA axis interact bidirectionally. For example, Andrews et al. (32) demonstrated that hippocampal serotonin down-regulated GR receptor expression. Enhanced central serotonergic function altered secretion of ACTH and cortisol (33, 34) , whereas 5-HT 1A and 5-HT 2A receptors regulated CRH neurons via distinct pathways (35) . Different stressors activated slightly different constellations of central neural pathways (36) , and reactivity to stressors may vary considerably from individual to individual. The contribution of these and other mechanisms to feedback inhibition of the HPA axis in human FHA remains to be clarified.
If the observation that circulating cortisol levels underestimate the extent of HPA activation holds for clinical conditions other than FHA that have been linked to stressful situations, then the clinical significance of these data are heightened because they suggest a mechanism for the link between chronic stress and long-term health burdens (19 -22) . These data also illuminate the potential discordance between central and peripheral compartments and highlight the inherent difficulty in quantifying stress noninvasively. Currently, therapeutic options for women with FHA generally address only the reproductive compromise and neglect the potential for long-term health burden from ongoing metabolic and psychogenic stress. Thus, it is commonplace to prescribe oral contraceptives for those not desiring fertility and to employ exogenous gonadotropins for those who do. However, these interventions, which are based on the conceptualization that FHA is an isolated loss of GnRH drive, will not interdict the stress process. Ongoing LHPA activation may compromise neural, bone, cardiovascular, and fetal health (19 -22, 37) . We recently demonstrated that CBT targeted to ameliorate problematic attitudes reversed FHA in most women, presumably by reducing LHPA activation and allowing the return of GnRH drive (8) . Because women with FHA rarely meet criteria for depression (10, 38) , the use of antidepressants in this context is controversial, particularly when conception is being sought. However, because selective serotonin reuptake inhibitors have been shown to inhibit the HPA axis (39, 40) , potentially by restoring feedback inhibition, their use might well be indicated in women with FHA who do not respond to CBT or as an adjunct to CBT. Further studies are necessary to clarify the extent to which CBT reverses LHPA activation and the mechanisms by which LHPA disrupts central GnRH drive in FHA.
FIG. 1. Mean (ϮSE) serum cortisol, serum free cortisol index (total cortisol/ CBG), CSF cortisol, and CSF CRH in 15 women with FHA and 14 EW. Increased circulating and central cortisol levels did not suppress CSF CRH, indicating resistance to negative feedback inhibition in FHA. *, P Ͻ 0.05.
